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Rational Design of Solid-Acid Catalysts for Cellulose
Hydrolysis Using Colloidal Theory

Ziyang Zhang, ? Geoffrey A. Tompsett, ® Sergio Granados-Focil, ¢ Christopher R. Lambert, ¢
Michael T. Timko ©

Solid-acid catalysts functionalized with catalytic groups have attracted intense interest for converting cellulose into soluble
products. However, design of solid-acid catalysts has been guided by molecular level of interactions and the actual
mechanism of cellulose-solid-acid catalyst particles adsorption remains unknown. Here, colloidal stability theory, DLVO, is
used to rationalize the design of solid acids for targeted cellulose adsorption. In nearly all cases, an energy barrier, arising
from electrostatic repulsion and much larger than the energy associated with thermal fluctuations, prevents close contact
between the solid acid and cellulose. Polymer-based solid-acid substrates such as polystyrene and Nafion are especially
ineffective as their interaction with cellulose is dominated by the repulsive electrostatic force. Carbon and metal oxides have
potential to be effective for cellulose-solid-acid interaction as their attractive van der Waals interaction can offset the
repulsive electrostatic interaction. The effects of reactor temperature and shear force were evaluated, with the finding that
reactor temperature can minimize the catalyst-cellulose interaction barrier, promoting coagulation, but that the shear force
in a typical laboratory reactor cannot. We have evaluated strategies for enhancing cellulose-catalyst interaction and
conclude that raising reaction temperature or synthesizing acid/base bifunctional catalysts can effectively diminish
electrostatic repulsion and promote cellulose-catalyst coagulation. The analysis presented here establishes a rational

method for designing solid acid catalysts for cellulose hydrolysis.

1. Introduction

Cellulose is the most abundant source of renewable carbon on the
planet, and its deconstruction is a key step for decarbonizing an
economy that relies on petrochemicals and petroleum fuels.[13]
Liquid acid pre-treatment followed by enzymatic hydrolysis is the
most commercially advanced technology for converting biomass into
simple sugarsl*®. However, the process remains economically
unfeasible because of the costs associated with acid, product
recovery, and enzymes. [, 8l

Solid-acid catalysts have recently been proposed as alternatives
to the liquid acids used for biomass deconstruction because they can
be recovered and reused, with subsequent cost reductions over their
lifetime.[%-111 Moreover, some reports suggest that solid-acids make
possible direct and selective conversion of cellulose into glucose
under mild conditions.!®! Accordingly, the number of published
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articles mentioning the key words “solid-acid” and “cellulose
hydrolysis” has

exploded from <10 before 2008 to more than 500 in 2019 (see Figure
SI-1).

In most cases, solid-acid catalysts have been used in aqueous
mixtures, meaning that both the feed and the solid-acid catalyst itself
are present as solid particles before and after the reaction.l®! The
presence of both the catalyst and the substrate as solid particles
leaves open the question of how the catalyst and substrate can
remain close enough together for time scales sufficient for reaction
to occur. Several theories seek to explain the mechanism on the
molecular level, suggesting that favorable hydrogen bonding,
London dispersion or CH-1r interactions are responsible for cellulose-
solid-acid binding that allows for reaction of catalytic groups with
cellulose’s glycosidic bonds, implicating a solid-solid catalytic
mechanism that has not yet been tested directly.!'2] Some of these
explanations explicitly invoke the binding module of cellulase that
uses various dispersion interactions to target the enzyme to
hydrolysable bonds.[13, 14]

Despite its apparent popularity, the molecular-level theory of
solid-acid binding to cellulose has major flaws. First, as demonstrated
by Tyufekchiev et al.,!*5! the binding theory does not capture the
important role played by release of soluble acids by the solid catalyst
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during its degradation under reaction conditions. These soluble acids
then are responsible for the majority of the observed hydrolysis
activity, meaning that the solid-acid becomes — in effect — a very
expensive way to deliver liquid acid to the reaction mixture. Second,
and more fundamentally while molecular-level interactions may
explain the ability of cellulase to target glycosidic bonds, there is a
problem of length scale for solid-acids. Whereas cellulase is a
nanoparticle with characteristic length of several nanometers, [16] the
characteristic lengths of most solid-acid catalysts used for cellulose

hydrolysis are usually >1 um.[7 Applying molecular-level

explanations to nano-scale enzymes stretches the limits of
interaction theory; applying explanations to

microparticles is clearly insufficient. [18]

these same

Instead of molecular theories, catalyst-cellulose interactions
should be more properly analyzed using colloidal theories to enable
rational catalyst design. Colloidal particles interact with one another
via van der Waals, electrical double layer, hydrophobic, hydration,
and steric forces. Of these, van der Waals and electrical double layer
forces are present in all colloidal interactions, whereas the others are
important only in specific situations.[*®] Quantitatively, DLVO theory,
named after its creators Boris Derjaguin, Lev Landau, Evert Verwey
and Theodoor Overbeek,!2% describes the overall particle-particle
interaction (U) as the sum of van der Waals (Uypw) and electrical
double layer forces (UepL) thereby offering a logical starting point for
colloidal-level analysis of solid-acid catalyzed hydrolysis of biomass
polymers.

In this work, we applied colloidal-level DLVO theory to study the
interaction of cellulose micro-particles with various solid-acid
catalysts, including activated carbon, iron oxide (Fe30,), zirconia
(Zr0;), polystyrene and Nafion. DLVO models used reported zeta
potential at different pH and Hamaker constants to estimate the
maximum energy barrier (Umqx) that catalyst particles must surmount
before coagulating with cellulose and reacting. We then use the
energy calculations as a guide to evaluate strategies for promoting
cellulose-solid-acid catalyst interactions. The analysis presented here
can help guide future rational design of solid acid catalysts for
cellulose hydrolysis.

2. Theory
2.1DLVO

The DLVO interaction energy between cellulose and solid-acid
consists of van der Waals and electrical double layer forces, which
can be written: (18]

U = Uypw + Ugp,, €Y)

where Uypw and Ugp, denote van der Waals attraction
and electrostatic repulsion respectively. The van der
Waals energy (Uypy,) was derived as: 18]

2nr, 2nr,
U _ A |xQ2ry+ 2+ x)  Cr+x)(2r +x) * @
vbw 6 @2r +2r,+ x)x
[ t @2y +x)(2ry, + x)
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where r; and r; are radius of cellulose and catalyst; A3, is the
combined Hamaker constant for cellulose (“1”)-solid-acid catalyst
(“2”) interaction across water (“3”). Hamaker constant is typically
determined by Lifshitz’ s combining rule that is: [21]

Arzy = (A1 = As3) (VAzz = As3)

where A;1, Ay, and A3z denote cellulose, solid-acid catalyst and
water interacting with itself in vacuum. For individual Hamaker

3)

constant, Lifshitz’ s quantum theory can be used to determine them

separately based on: (1]

3hv, (n? —1)?
16v2 (nf +1)3/2

&+ 1) 2 )

3
Ay =k T(
i 4 b & — 1
where v, is the main electronic absorption frequency in the
ultraviolet region, typically around 3 x 1015 571,
Electrical double layer repulsion (Uegp) can be derived from the

Poisson-Boltzmann (P.B.) distribution given by [22]

vey = 2 G (ﬂ) )
£0&3 k,T

For spherical particles with dissimilar radius and surface charge

density, the P.B. can be integrated and simplified as the following:

go&3ni 7, (W5, + ¥d,)

Ugp(x) = a(r, + 1)

290190, | <1+9XP(_KX)>
(6)

W3 +¥3) 1= exp(—rx)
In(1 — exp(—2xx))

where Yy, and 1y, are surface potential of cellulose and catalyst
respectively; k is the Debye length.
2.2 Bifunctional catalyst surface potential model

For a bifunctional solid-acid catalyst, experimental { measurements
are typically not available, a new model is needed to relate surface
acid density and dissociation constant to surface potential.lz3] For a
bifunctional catalyst bearing acid groups (AH) and base groups
(BOH), the surface can be charged through deprotonation of HA and
protonation of BOH:
AH 2 Ht + A~
BOH 2 OH™ + B*

Two assumptions can be applied to simplify the model: i) ionization
of individual sites are independent of one another and do not
interact with each other; ii) protonation of HA occurs only under
extremely acidic condition (typically pH < 1,) that are not of interest
here. The consequence of these two assumptions is that the Ka of
the bound acid is the same as the free version, which may not
necessarily be valid for conditions of high surface density.[24]

With these two assumptions, dissociation can be quantified by the
appropriate equilibrium constant (either Ka or Kp):

[H*]olu-

K, =
¢ Lin

Q)

This journal is © The Royal Society of Chemistry 20xx
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[OH oI+

b =
FBOH

®)

where [H*], is the protons activity around solid-acid catalyst surface
and [OH™], is the hydroxide ions activity around surface. I is
surface acid density for undissociated acid and ;- is the surface
density for dissociated acid or substrate catalyst, and the same
definition applies to BOH.

Applying the P.B. distribution equation, the proton activity around
the solid surface and that in bulk phase can be correlated as: 23]
31/10)

[0 = [ Tpexp (= 17

9)
When placed in a solution with pH > pKa, the surface will become
negatively charged, resulting in a non-zero value of the surface
charge density (gp):[%3!
0o = eNy {Ip+ — ;- } (10)
The surface acid coverage can then be related to the dissociated acid
surface concentration. The total acid concentration consists of
dissociated and undissociated site density for both acid head group
and substrate catalysts and is given by:

Iy, = g + Iy-
I, = Igon + I+

an
(12)

Equations (7-12) can be solved for surface charge density as a
function of measurable quantities, including pH, pKa, surface
coverage ([;,¢). However, upon solving the above equations, surface
charge density and surface potential are inter-correlated. Obtaining
separate equations for surface potential and density individually
requires a separate equation. Here, the Grahame equation will be
used to relate surface charge density to surface potential, since it is
appropriate for curved surfaces: [23]

eoegxka[ . (ewo> 2 (ewo )]
= h — tanh
% 2me s 2k, T + Ka an 4k, T

13)

Solving Equations (7-13) simultaneously allows explicit determine of
either the surface potential (o) or surface charge density (a;).

3. Results and Discussions

The design of solid-acid for hydrolyzing cellulose has long been
guided by molecular interaction. However, given that both cellulose
and catalyst are present as solid before and after the reaction, DLVO
theory must be used to rationalize catalyst design. Figure 1a and
Figure 1b are schematic representations of the particle-particle
interaction predicted by DLVO theory (top panel) and the resulting
colloidal suspensions (bottom panel), shown both for particles with
similar (Figure 1a) and dissimilar charges (Figure 1b).

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Schematics of particle-particle interactional energy as
functions of particle separation (yellow sphere represents cellulose
and blue sphere represents solid-acid catalyst: (a) like-charge
colloidal interactional energy as function of particle separation, (b)
unlike-charge colloidal interaction as function of separation, (c)
approximated single hydrogen bonding interaction energy between
cellulose chain and chlorobenzene. Note that the x-axis scale is 20
nm in Figure 1a and Figure 1b and 0.5 nm in Figure 1c.

In the case of particles with similar charges, particles must
surmount an energy barrier located several nanometers from the
particle surface before they can interact. Crucially, the location of the
barrier (>1-3 nm separation) is far beyond the range of molecular
non-bond interaction such as hydrogen bonds (<2 A), meaning that
macro-particles should overcome the energy barrier caused by DLVO
effect before hydrogen bonds or other forms of van der Waals
interaction can be formed between particles. At best, catalyst
particles might interact at a distance with cellulose, for example by
water mediated proton transfer;26! however, decreasing the
separation distance less than 10 nm incurs an increasing energy
penalty that opposes such interaction.

The bottom panels of Figure 1 are particle-particle schematics.
The net repulsive energy barrier predicted for similarly charged
particles results in stable dispersions (Figure 1a, bottom panel). For
dissimilarly charged particles, the net interaction is attractive,
resulting in fast-coagulation (Figure 1b, bottom panel). For catalytic
applications, coagulation is the desired outcome. That stated,
catalyst particles bearing acid groups will invariably be negatively
charged in solution. So, too, are cellulose particles. Accordingly, acid
catalysts and cellulose are predicted to form stable colloids, rather
than undergoing coagulation.

For comparison, Figure 1c is a molecular-level schematic
representation of the interaction energy between a hydrogen bond
donor (polysaccharide) and acceptor (chlorobenzene), the suggested
interaction responsible for particle-particle catalysis. Unlike Figure 1a
and 1b, Figure 1c shows that molecules or atoms experience no
interaction barrier aside from the extremely short range (<1 A) steric
interaction. For similarly charged particles the situation is
qualitatively different, and Figure 1 makes clear that applying
molecular level explanations to colloidal phenomena, as has been
done for solid-acid catalysis of cellulose, is insufficient.

The objective for catalysis is to design an “unstable dispersion”
that encourages catalyst-cellulose interaction. Colloidal theory can
be used for designing solid-acids for which the repulsive barrier for

J. Name., 2013, 00, 1-3 | 3
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interacting with cellulose is <25 k,T, an arbitrary value but one that
is based on empirical observations of colloidal stability.2”! Ideally,
this interaction could be tuned by changing pH, ionic strength, or
temperature; accordingly, the solid catalyst could be used under one
set of conditions for cellulose hydrolysis. Clearly, this level of

manipulation is not possible without a firm scientific basis and
theoretical analysis, which is what this work aims to develop.

For spherical particles, the DLVO equation can be reduced to a
function of particle diameter, solution phase pH, ionic strength,
Debye length, and a collection of parameters that are known or can
be estimated for cellulose and many important solid-acid catalyst
types, including inorganic materials, polymeric, and functionalized
carbons.[18] The SI contains the details on how DLVO theory was
applied to the catalyst-cellulose problem. The most important
parameter affecting Uypw, aside from particle diameter, is the
Hamaker constant, A;z;. The Hamaker constant depends on the
catalyst material and values for several important catalyst materials
interacting with cellulose across water are provided in Table 1.
Similarly, for Ugpi, the most important parameter is the surface
potential (y). As described in the SI, the surface potential is not
typically known. However, the surface potential can be estimated
from experimental measurements of the zeta potential (§) or
estimated from known values of surface acid density, ionic strength,
and acid strength (pKa). Table 1 provides some representative values
of zeta potential representative catalyst materials at pH values of 1.0,
3.0, and 5.0, as reported in the literature.

Catalyst Modifier acid A2 (; (mV) Ref.
(x10°21))  pH=1 pH=3 pH=5
Cellulose - - -16 -25 -27 [28]
a Carbon Nitric acid 36.0 -30 -37 -40 [29]
b Fe30a Sulfonic acid 35.0 - -40 -63 [30]
¢ Zr0; Citric acid 28.8 - -18 -42 [31]
d Polystyrene Acrylic acid 10.7 - -28 -45 [32]
e Nafion - 1.70 - 45 -70 [33]

Table 1. Hamaker constants and reported zeta potential for
representative solid-acid catalysts interacting with cellulose

Note: 2bcde zeta potential at pH =1 is not reported; € zeta potential
for bear Nafion without acid functionalization.

Table 1 defines ranges of the Hamaker constant and surface
potential for cellulose and commonly used solid-acids. Cellulose is
used as a representative biomass constituent, and the subject of
many previous studies of solid-acid catalysis.[®) Figure 2 shows
energy-distance curves predicted by Equation (1) for values of the
Hamaker constant and surface potential that span the range
expected from Table 1, with other factors held constant at
representative values (pH =5, fixed catalyst diameter of 1 um and
fixed cellulose particle diameter of 5 um). Clearly, in most cases, a
solid-acid particle will experience a barrier ranging from 10 k,T to
200 kyT as it approaches the cellulose surface. Carbon is an
exception, due to its large Hamaker constant (Table 1). Inorganic

4| J. Name., 2012, 00, 1-3

oxides and especially polymers experience a prohibitively large
repulsive barrier for interaction with cellulose.

500
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Figure 2. DLVO interaction energy as a function of cellulose-catalyst
separation for reported catalysts at pH = 5.

A problem with existing catalyst strategies is that partial de-
protonation of the acid surface results in a negative surface potential
(Table 1). Since cellulose possesses a negative surface potential at pH
above 2 (Table 1), the resulting Ugp. often results in a repulsive
barrier preventing catalyst-cellulose interaction, as shown in Figure

2. Keeping the catalyst protonated, by lowering pH is one way to
avoid the negative surface charge, as shown in a contour plot of
energy barrier as a function of pKa—pH (Figure 3) for representative
values of the Hamaker constant (2 X 10729 J) and acid density (5
nm~2). Figure 3 shows that adjusting pH can effectively remove the
catalyst-cellulose interaction barrier. However, the problem with
acidifying the pH is that it requires addition of homogeneous acid,
the very problem that was to be solved. For example, reducing the
barrier to less than 200 k,T for a catalyst with pKa < 2 requires
reducing the pH to less than 1.1.

4
35 A
- O
Stable colloid &
3t w
&
L
25
= S
+
2F Q
&
Ty | aggregate
1.5 ® .
&
1 /
0 1 2 3 4
pKa

Figure 3. DLVO maximum energy barrier as a function of acid group
pKa and solution pH, assuming acid head group density of 5 nm2,
Hamaker constant of 2x10720J.

This journal is © The Royal Society of Chemistry 20xx
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An approach that does not depend on addition of liquid acids is
selecting the catalyst material to maximize Uypw. Figure 4 plots the
energy barrier as a function of Hamaker constant for three
representative values of the surface potential and shows how this
approach might work. Hamaker constants of representative
materials are superimposed on the plot for reference. Maximizing
the Hamaker constant, for example by using carbon-based or
inorganic catalyst particles such as zirconia or iron oxide, has
potential to reduce the particle-particle interaction barrier to <25 k, T
at surface potential around — 35 mV. In contrast, polymer-based
catalysts such as Nafion and polystyrene do not interact with
cellulose without a substantial >25 k,T barrier under any realistic
conditions.

150

Um zzx/(kb )

100,

50

0 10 20 30 40 50
=21
A, (10720

Figure 4. The DLVO energy barrier height as function of Hamaker
constant for different values of the surface potential.

Heating the reaction system to 140 — 170 °C is commonly
described in the literature for decomposing cellulose under mild
conditions.3¥ The change of Hamaker constant is around 3% upon
raising the temperature from 25 °C to 150 °C.13% The change of
temperature mainly affects dielectric constant and hence the Debye
length of the reaction system. Figure 5 shows that increasing
temperature to 150 °C may enhance carbon and zirconia-based
catalysts ability to adsorb cellulose. Polymer based catalysts such as
polyelectrolyte still lack the capacity to interact with cellulose under
intermediate temperature.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. DLVO energy barrier as a function of temperature for
cellulose interacting with polystyrene, zirconia, and carbon catalysts.
The cellulose diameter is assumed as 5 um. The surface potential for
the catalyst is assumed to be -30 mV and catalysts surface potential
are assumed to be —50 mV.

A final option is the use of a bifunctional catalyst consisting of
acid and base groups, which has been successfully synthesized.[36-39
The need for the acid group is clear from the application. However,
as shown previously in Figure 2, acid group dissociation leads to the
catalyst acquiring a negative charge that then repels the negatively
charged cellulose substrate. The role of the base therefore is to
balance the negative charge of the partially dissociated acid.
Naturally, a bifunctional catalyst must be designed carefully so that
the acid and base groups do not simply react in solution to form the
corresponding salt. Polyions are an example.l*% 411 |ndeed, polyionic
materials have been used previously to promote cellulose
flocculation,!#2 and several solid-acid catalysts proposed for cellulose
hydrolysis have possessed cationic groups, including imidazolium, 43!
previous work on acidic polymers bearing imidazolium groups have
again focused on molecular-level effects, for example using as
inspiration the observation that some imidazolium-based ionic
liquids are effective cellulose solvents.[43! a colloidal
perspective is advocated.

Equation (1) can be used to model the effects of bifunctional
catalysts on cellulose binding, using a procedure similar to that
adopted to construct Figure 3; the Supporting Information provides
details. Figure 6 provides particle-particle interaction curves for
representative values of the density of acid to base sites at fixed
Hamaker constants characteristic of inorganic solids (2 x 10729 J), with
cellulose particle diameter of 5 um, catalyst diameter of 1 um, a pH
of 5. Figure 6 shows that a bifunctional catalyst can reduce the
particle-particle interaction barrier to < 10 kT for values of the acid

Here,

to base density ratio less than or equal to 1. In fact, for the case in
which the base site density is twice that of the acid site density, the
catalyst-cellulose interaction is attractive at all separations, meaning

J. Name., 2013, 00, 1-3 | 5
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that a mixture of that bifunctional catalyst and cellulose may
spontaneously coagulate.

350
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Figure 6. Interaction energy of cellulose with bifunctional catalysts
having different ratio of acid to base site density, assuming pK;as 1
and pKp as 5.75, total site density I3, as 5 nm=2.

For biomass hydrolysis using tightly bound bifunctional catalysts,
recovering the catalyst after reaction may pose a challenge.[%4]
Colloidal-level analysis suggests several recovery strategies.
Following with the theme of bifunctional catalysts, pH might be used
to tune between attractive and repulsive interactions. Accordingly,
the reaction might be performed at mildly acidic pH, at which
conditions the base is protonated, and the catalyst recovered by
adjusting the pH to de-protonate the base. As with performing the
reaction at pH < pKa, which is a viable strategy for promoting catalyst-
cellulose aggregation (Figure 3), the pH adjustment approach must
use small enough quantities of acids and bases not to offset the
benefits of catalyst recovery. Similarly, adjusting the temperature
might provide a method for catalyst recovery. The theoretical
analysis presents calculations performed at room temperature, and
the effect of temperature is provided in the SI. As a further option,
non-aqueous solvents or solvent mixtures might be considered. The
S| provides guidance on the effects of non-aqueous solvents on
particle-particle interactions.

The previous discussion has neglected non-DLVO effects,
generally categorized as steric, hydration, hydrophobic and shear
forces.[ls] Of these, cellulose and catalyst particles will both be
a1l

Steric forces do not contribute to cellulose-solid-acid interaction

hydrophilic, meaning that hydrophobic forces can be neglecte

aggregation but instead is typically repulsive and can cause
stabilization,!45] which is not desirable. Magnitudes of hydration
forces are difficult to predict 48] but tend to be important only at
length scales much less than the repulsive barrier shown for many
situations in cellulose-catalyst interaction in Figure 2. Accordingly,
non-DLVO forces are unlikely to play a critical role in catalyst-
cellulose interactions for catalysts described in the literature.

6 | J. Name., 2012, 00, 1-3

In addition to catalyst design, reactor design can be optimized for
catalyst-cellulose interaction. Here, shear-force-induced aggregation
is an industrially implementable strategy. The Sl provides theoretical
details of the shear force analysis, reported by Zaccone et al. as an
extension of the two-body Smoluchowski equation.l4”! The analysis
predicts a critical value of the shear rate (y*) that, when exceeded,
shear forces overcome the repulsive barrier associated with
electrostatic interaction, permitting coagulation of particles that
DLVO theory predicts would otherwise remain separate.

Figure 7 is a plot of predicted values of the critical shear rate
required to coagulate solid acids with varying surface potential and
fixed Hamaker constant with cellulose. As expected from the
previous discussion, the value of the critical shear rate (y*) increases
rapidly as catalyst surface potential becomes increasingly negative.
Even for mildly negatively charged catalyst with surface potential of
approximately -50 mV, as indicated by the horizontal line on Figure
7, 7" ranges from 32 s to 126 s%, depending on the catalyst size.

Interpreting Figure 7 requires estimates of shear rates employed
in a typical experiment. Most experiments on solid acid hydrolysis of
cellulose are reported in glass vials agitated by PTFE® stir bars, [ 48]
conditions that are designed to distribute heat and not for imparting
shear. Nonetheless, the maximum shear rate encountered in the
glass-vial reactors can be estimated using simple physical principles,
as outlined in the SI. The shear rate analysis predicts that a PTFE® stir
bar can impart shear rates that range from 2.5 s for a stirring rate
equal to 200 rpm to 9 s at 800 rpm.[15.49, 501 This range is much less
than that predicted for y*, as shown in Figure 7. As an alternative,
reactors designed for high-shear mixing, potentially using ultrasound
or cavitation,®-53] may achieve localized shear rates sufficient to
induce catalyst-cellulose coagulation.

Figure 7 shows predictions for a range of particle size, apparently
suggesting that shear-induced coagulation may be a viable approach
for particles of sufficient size. This conclusion is likely erroneous
given that the assumptions underlying the theory break down as
gravity forces become important.[> Nonetheless, the dependencies
of y* and coagulation rate on particle size have been discussed in the
literature, suggesting that large particles (a few microns) coagulate
at values of y* less than those required for small particles (a few
hundred nanometers).[47. 551 That stated, the strategy of using large
catalyst particles to exploit shear-induced coagulation has practical
limitations as the DLVO coagulation barrier is size dependent,5¢!
catalytically available surface area is maximized for small particles,
and gravity forces become increasingly important as particle size
increases, complicating the analysis.[57- 58! In practice, using micron-
sized catalyst particles with modest surface potentials in high-shear
reactors is more likely to be successful for promoting catalyst-
cellulose interactions than using larger catalysts.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Critical shear rate (y*) as a function of catalyst surface
potential, assuming catalyst Hamaker constant is 2x10-20 J; cellulose
surface potential is -27 mV; cellulose diameter is 1 um.

4. Conclusions

Solid-acids have potential to reduce the costs of producing
simple sugars from cellulose-rich biomass. However, work in this
field has been falsely guided by molecular-level explanations.[10.13,14]
Colloidal-level considerations suggest point to new strategies for the
design of cellulose-deconstruction solid-acid catalysts. The Hamaker
constant must be maximized, particle size should be reduced as
much as possible while permitting catalyst recovery, and repulsive
forces originating from the electrical double layer must be
minimized. Carbon-based or inorganic catalysts with bifunctional
acid/base surface groups may be especially effective at meeting
these requirements as carbon possesses a favorable Hamaker
constant and base groups can neutralize the negative charge that
acid groups confer to the catalyst surface. High shear rate is
recommended for counterbalancing DLVO repulsive energy barriers
and hence promote cellulose-solid acid catalyst coagulation.
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